Rab is a newly identified family of small G-proteins that share 35-70% homology with the yeast Sec4p and Yptlp involved in the regulation of the secretory pathway. Mature phagocytes display functions requiring organized intracellular traffic and, for this reason, we questioned whether phagocyte differentiation could correlate with the increased expression of rab proteins. Rabbit antisera raised against the recombinant proteins rablAp, 2p, 4p, and 6p were able to detect the corresponding proteins in the human monoblast leukemic cell line U937. When these cells were induced to differentiate into monocyte/ macrophage-like cells displaying functional characteristics of a normal phagocyte, rablAp, 2p, 4p, and 6p were increased and this correlated with an increase in the rab transcripts. Using a rab5 probe, we also observed an increased expression of the rab5 gene in differentiated cells. Similarly, differentiation of the human leukemic myeloblast HL60 cell line along either monocyte or granulocyte pathways induced an increased expression of the rab proteins. Rab proteins were also detected in human neutrophils and in guinea pig alveolar macrophages. As degranulation is one of the phagocyte functions acquired in the late stage of differentiation, we investigated whether rab proteins would be involved in this process. Although rab proteins were tightly membrane bound, none of them was detected in the specific or azurophil granules purified from human neutrophils. The increased expression of rab proteins in mature phagocytes suggests that they may promote functions highly developed in these cells. (J. Clin. Invest. 1991. 87:901-907.)
Introduction
Many of the so-called "small guanosine triphosphate (GTP)-binding proteins" have been recently identified (1, 2) . Their molecular masses are in the 20-30-kD region and they all possess consensus sequences for GTP binding and hydrolysis.
Little is known about the specific functions of these proteins. However, some of them seem to be involved in the regulation of the intracellular traffic. In Receivedfor publication 2 May 1990 and in revisedform 16 August 1990. reticulum and Golgi apparatus and between Golgi and the plasma membrane, respectively (3) (4) (5) . Sec4p is located on the cytoplasmic face of both the plasma membrane and secretory vesicles in transit to the cell surface (4) . Ypt I p is present in the Golgi region (3) . Among the mammalian small G-proteins already characterized, proteins from the rab family share 38-75% amino acid identity with Yptlp and Sec4p (6) . In addition, the domain corresponding to residues 35-40, described in p21 ras as the effector-binding site, is highly conserved between rab proteins, Sec4p and Ypt lp (6) . The rab family is the only example of mammalian small G-proteins possessing the effector domain homologous to Ypt 1 p and Sec4p. Therefore, rab proteins could also be involved in intracellular traffic. With the exception of rab3p, which seems to be only present in nervous and endocrine cells (7) (8) (9) (10) (11) (12) , rab lAp, 2p, 4p, 5p, and 6p appear to be ubiquitously distributed (6, 7) . Mature phagocytes are involved in different functions such as degranulation, phagolysosome formation, and directed locomotion that require organized intracellular traffic and sorting of granules and vesicles (1 3, 14) . The involvement of small G-proteins in phagocyte traffic was suggested by the demonstration that, in permeabilized neutrophils, guanine nucleotides stimulate degranulation through a mechanism distinct from the stimulation ofthe "large G-proteins" involved in the transduction ofactivation signals across the plasma membrane (15) . In addition, recent reports have described the presence ofsmall G-proteins in phagocytes. One ofthem, possibly rap 1, has been found associated with cytochrome b559 (16) , a component of the superoxide-generating enzyme NADPH oxidase. Moreover, a novel class of ras-related proteins, rac 1 and rac2, which are substrates for ADP ribosylation by botulinum toxin C3 ADP-ribosyltransferase, have been identified in leukemic myeloblasts ( 17) . Most of the phagocyte activities require mobilization of intracellular proteins (13, 14) , and these functions are acquired in the late stage of phagocytic differentiation. Therefore, we questioned whether this could correlate with the increased expression of proteins from the rab family. In the present study, the expression of rab proteins was compared between undifferentiated and differentiated phagocytes. The human monoblast-like cell line U937, obtained from a histiocytic lymphoma patient and the human leukemic cell line HL60, derived from a promyelocytic leukemia, have been widely studied as models for the understanding of the molecular events associated with phagocyte differentiation (18) . In contrast to U937 which can only mature along the monocyte/ macrophage pathway, HL60 cells are characterized by a bimodal differentiation potency that can be induced to either granulocytic or monocytic maturation. The synthesis of rab proteins and the expression of their corresponding mRNAs were increased in HL60 or U937 cells induced to differentiate in phagocytes. We also report that, although rab proteins were found to be mostly membrane bound, they do not belong to phagocyte granules.
Methods
Cell isolation and cell culture Human neutrophils. Blood was collected from healthy donors and neutrophils were isolated after Dextran T-500 sedimentation and centrifugation through Ficoll-Hypaque as previously described (19 Cytometric analysis U937 and HL60 cells exposed to PMA were detached from flasks by scraping and prepared for DNA content analysis according to the method described by Vindelov (21) . 0.25 ml of cell suspension (- 107/ml) in Tris buffer (100 mM NaCl, 100 mM Tris, pH 7.6) was added to 2 ml of ice-cold solution A (10 mM glycine, 300 mM NaCI, 0. 1% Triton X-100, pH 10), 0. 1 ,ul ethidium bromide solution (0.2 mg/ml). Tubes were inverted three times and kept at 4°C. Relative DNA content was assayed on a flow cytometer (Epics V, Coulter Electronics, Inc., Hialeah, FL) using an argon laser (Spectra Physics Inc., Mountainview, CA) at 488 nm, 400 mW, and measuring the fluorescence above 590 nm. Some experiments were performed by replacing ethidium bromide with Hoechst 33342 (4 ,g/ml, final concentration) and using an argon laser at 351 + 364 nm; the blue fluorescence of individual nuclei was assessed at a flow rate of 1,000 objects s-' in a flow cytometer. Cell-cycle compartments were calculated from histograms using PARA 1 software (Coulter Electronics, Inc.) based upon an improved peak-reflect algorithm.
Cellfractionation
The method used has been described elsewhere (22). Briefly, neutrophils suspended in relaxation buffer (100 mM KCI, 3 mM NaCl, 10 mM Pipes, 3.5 mM MgCI2, and I mM ATP, pH 7.3) were cavitated at 375 psi for 20 min in a nitrogen bomb at 4°C and collected in a tube containing EGTA (6 mM, final concentration), and the nondisrupted cells, the nuclei, and debris were removed by centrifugation at 400 g for 10 min at 4°C. The supernatant was layered on a discontinuous Percoll gradient and centrifuged at 45,000 g for 20 min at 4°C. Four fractions were obtained corresponding to the cytosol, cell membranes, and specific and azurophil granules. Each fraction was collected and centrifuged for 90 min at 245,000 g to remove the Percoll and, except for the cytosol, fractions were resuspended in 0.34 M sucrose buffered with 10 mM Pipes at pH 7.0. Membranous and cytosolic fractions from U937 cells were obtained as described above except that nitrogen cavitation was performed at 250 psi for 15 min at 4°C.
Immunoblot analysis
Proteins from intact cells or subcellular fractions were dissolved in sodium dodecyl sulfate (SDS)-sample buffer, heated at 100°C for 10 min, separated on SDS-PAGE (12% polyacrylamide slab gel) using the Mini-Protean II cell (Bio-Rad Laboratories, France) and transferred to nitrocellulose using the Multiphor II Novablot system as described by the supplier (LKB Produkter, Bromma, Sweden). After saturation with 1% gelatin, 0.5% bovine serum albumin (BSA) in 150 mM NaCl, 0.1% Tween 20, and 10 mM Tris, pH 7.4, the nitrocellulose sheets were subsequently incubated with rabbit polyclonal antibodies (1:500 dilution) followed by incubation with 1251-protein A (0.1 MuCi/ml) and were analyzed by autoradiography. Each gel lane was loaded with 25 ,g protein (the protein concentration was measured according to Bradford [23] ) or with 50 ng of recombinant rab proteins. The linear range ofthese assays has been monitored using recombinant rab proteins and was found to cover the range from 5 to 250 ng.
Antibodies
Polyclonal rabbit antibodies were generated against human rab proteins produced in Escherichia coli and purified to homogeneity by column chromatography as described by Zahraoui et al. (6) . Rab I Ap has been coupled to keyhole limpet hemocyanin with glutaraldehyde (24) . The immunization scheme was essentially as described by Louvard et al. (25) .
Northern blot analysis
Total RNAs from undifferentiated and PMA-differentiated U937 cells were extracted with 4 M guanidinium thiocyanate and purified by centrifugation through 5.7 M cesium chloride (26) . The (27) . The signals obtained by densitometric scanning ofautoradiograms were integrated using the visILoG software (Noesis, France).
Results
Presence of rab proteins in alveolar macrophages and neutrophils. Using polyclonal antibodies, we have analyzed the expression of rab proteins in guinea pig alveolar macrophages and human neutrophils. In that the members of the rab family share 30-45% amino acid identity (the region ofbest homology being the domain involved in GTP binding/hydrolysis) (6), we first tested the specificity of the immune sera generated against each of the purified rab proteins expressed in E. coli. As shown in Fig. 1 , antisera against rabi Ap and rab2p recognized only rab l Ap and rab2p respectively. The monospecificity of the antiserum anti-rab6p has been reported elsewhere (28) . Antiserum against rab5p was not specific enough to be used. Antiserum against rab4p faintly recognized purified rab2p. However, in cell lysates, no signal was detected at the migration position of rab2p ( Fig. 2) with anti-rab4p antiserum probably because the level of endogenous rab2p was low compared to the amount of recombinant rab2p (0.5 ,ug) applied to the gel in Fig. 1 Western blot analysis showed that the antisera directed against rab lAp, rab2p, rab4p, and rab6p reacted with proteins from total macrophage lysates (Fig. 2) . It should be pointed out that the endogenous rab proteins, especially rab6p, migrated slightly faster on SDS-PAGE than the corresponding proteins produced in E. coli, suggesting that posttranslational modifications may occur in mammalian cells. In addition, the minor bands detected by the immune sera were also detected by the preimmune sera (data not shown). Immunoblots performed with lysates from human neutrophils gave results similar to alveolar macrophages (data not shown).
Expression ofrab proteins during induced myeloid cell differentiation. We then attempted to determine whether the expression ofrab proteins varies as a function ofphagocyte differentiation. To address this question, U937 and HL60 cell lines were induced to differentiate using PMA (20 ng/ml) or DMSO (1.3%). The terminal maturation ofthe two cell lines was established by (a) their superoxide (O°) generating capacity as measured by NBT or cytochrome c reduction, (b) their adhesion to the substratum when they differentiate into monocyte, macrophage-like cells, and (c) their arrest in the G0-G 1 phase of the division cycle. Undifferentiated HL60 or U937 cells were un- When equal amounts of total proteins from undifferentiated and PMA-or DMSO-differentiated HL60 cells were loaded (Fig. 3) , we observed that rablAp, 2p, 4p, and 6p were expressed in nondifferentiated cells but their amounts were higher in mature cells. A similar increase in the expression of rab proteins was detected in lysates from U937 cells induced to differentiate with PMA (Fig. 3) . In undifferentiated U937 cells, rab6p was detectable after a longer time exposure of the X-ray film.
As the small GTP-binding proteins appear to exist in both membrane-bound and soluble forms (29), we investigated the immunoreactive signals in the membrane and cytosol fractions prepared from mature and immature U937 cells. The signal was higher in the membrane fraction from PMA-treated cells than in undifferentiated progenitor cells (Fig. 4) . Rabl Ap and rab6p were weakly detected in the cytosol fraction (Fig. 4) (25 ,ug/well) were immunoblotted using immune sera against rablAp, 2p, 4p, and 6p.
with the chaotropic agent urea (6 M), or with 0.2 M sodium carbonate (pH 1 1), or high salt concentration (1 M NaCl) did not induce the dissociation of rab proteins. However, membrane exposure to 1% Triton X-100 for 2 min at 4°C fully solubilized the rab proteins (data not shown).
The accumulation of rab proteins in the differentiated cells could be the result of changes at the transcriptional or translational levels. In PMA-differentiated U937 cells, the level of rabl, 2, 5, and 6 mRNAs increased greatly (Fig. 5 ). Rab4 probe gave nonspecific bands making it useless in this study (data not shown). As observed in human fibroblasts (6), rab 1 cDNA probe revealed two transcripts, rab2 probe detected three mRNAs, and rab5 and rab6 were each expressed as a single mRNA (Fig. 5) . We verified that the amount of transferred mRNA did not vary significantly between the nondifferentiated and the differentiated cells using the GAPDH probe (Fig.  5) . To evaluate the relative increase in rab transcripts in differentiated cells, densitometric scans of Northern blots were performed. The relative level of the low molecular weight transcript of rab 1 was increased 3.8-fold in differentiated cells, the second transcript was increased 2.2-fold. Rab2 mRNAs were increased 1.9-, 3.7-, and 3.0-fold for the low, intermediate, and high molecular weight transcripts, respectively. Rab5 mRNA was increased 10.1-fold and rab6 mRNA 2.6-fold. These results suggest that the increase in rab proteins in mature phagocytes is regulated at the transcriptional level.
Rablp, 2p, 4p, and 6p are not associated with neutrophil granules. One ofthe main characteristics ofphagocyte differentiation is the accumulation of secretory granules and the development of fully active stimulus-secretion coupling mechanisms. We wondered whether rab proteins might be located on granules and, therefore, involved in the control of regulated secretion. Since induced maturation of HL60 cells fails to develop specific granules ( 18) , we decided to investigate whether rab proteins would be located at the granule level in human neutrophils. Using a preparation that provides a high level of purification of specific and azurophil granules (22), we observed that none of the antisera against rab proteins reacted with both granule types (Fig. 6 ) obtained from different blood donors. Rab I Ap, 2p, 4p, and 6p appeared to accumulate in the membrane fraction, a weak signal being detected in the cytosol with the four antisera. It should be pointed out that two additional bands migrating more slowly than rab2p were also detected with the antiserum in the membrane fraction from hu- The presence of some other small G-proteins has been recently described in phagocytes. In human neutrophils, a protein from the ras superfamily, possibly rap-l, has been shown to be associated with cytochrome b559 (16) , a component of the 02-generating enzyme NADPH oxidase. In addition, two nonidentified small G-proteins have been described to copurify with the membrane receptor to the chemotactic agent FMLP from differentiated HL60cells (30) . It is interesting to note that cytochrome b559 and FMLP receptor are poorly expressed in undifferentiated phagocytes (18, 31) . In mature neutrophils, both cytochrome b559 and FMLP receptor are, for a part, stored in the specific granules and are translocated to the plasma membrane during the degranulation process (22, 32, 33) . This suggests that, in parallel to the increased expression of cytochrome b559 and the chemotactic receptor along phagocyte maturation, their associated small G-proteins may also increase and control either the insertion oftheir associated proteins into the plasma membrane (i.e., cytochrome b559 has to be at the end of the electron transport chain NADPH oxidase [34] ) or to participate into the fusion of the granules with the plasma membrane upon phagocyte activation. Phagocyte differentiation appears to correlate with both the acquisition of degranulation capacity (13, 18) and with the increased expression ofrab proteins (this work) which are candidates for participating in the intracellular traffic. Therefore, it was possible that one (or more) of the rab proteins may be located on the granules. However, none of the rab proteins studied here was associated with either specific or azurophil granules purified from human neutrophils. This suggests that small G-proteins distinct from rab proteins probably remain to be characterized on specific and azurophil granule membranes.
At present, none of the physiological functions of the rab proteins has been precisely determined in mammalian cells. Since they share high homology with Sec4p and Yptlp, it is likely that they participate in the regulation of intracellular traffic. This hypothesis is sustained by the results recently obtained by several laboratories on the subcellular localization of rab proteins. Rab lAp, which is the mammalian homologue of Yptlp (6, 35) , a protein apparently required for protein transport from endoplasmic reticulum to Golgi complex (36) , is probably associated with the Golgi apparatus (3, B. Goud and N. Touchot, unpublished observation). Rab6p has been found to be associated with the surface of Golgi cisternae, probably medial and trans, in a wide variety of animal cells (28) . Rab lAp and rab6p are probably associated to the Golgi apparatus in human neutrophils since Golgi membranes were present in the membrane fraction obtained by centrifugation on Percoll gradient (37) as demonstrated by galactosyl transferase (a specific Golgi marker) immunoreactivity using an antiserum kindly provided by E. Berger (Zurich, Switzerland; data not shown). Similarly, in U937 cells induced to differentiate with PMA, rab6p was immunofluorescently detected in the Golgi area (unpublished data). The very recent observation that synthetic peptides analogous to the rab effector domain inhibit vesicular transport between endoplasmic reticulum and Golgi apparatus and between the compartments ofthe Golgi in semiintact cells (38) further support the potential role of rab proteins in vesicular transport in mammalian cells. Rab2p has been localized to an intermediate compartment between the endoplasmic reticulum and the Golgi apparatus and rab5p has been found associated with the cytoplasmic face of both the plasma membrane and early endosomes (39) . The intracellular localization of rab4p is still unknown. The distinct subcellular localizations ofthe proteins from the rab family is in agreement with the model of Bourne (29) proposing that different transport small G-proteins may ensure the unidirectional transfer of carrier vesicles between two subcellular compartments. The high expression in mature phagocytes ofthe ubiquitous rabl p, 2p, 4p, 6p, and probably rab5p suggests that they may promote functions highly developed in these cells. A possible role for rab proteins would be their involvement in the process of membrane recycling. Ordinary membrane recycling occurs uniformly over the surface of nonmotile cells (14) . In addition to the finding that resting macrophages recycle their surface membrane four times faster than fibroblasts (40) , phagocytes are capable of directed and rapid migration along a chemotactic gradient and this phenomenon requires the insertion of new membrane mass, via vesicles from the Golgi apparatus, at the region ofthe cell surface that becomes the leading edge ( 14, 41) . Cells that cannot polarize their membrane recycling are generally unable to locomote (14) . We suggest that rab protein overexpression in phagocytes could reflect their involvement in each step of the very active process of membrane recycling.
In conclusion, our data suggest that the increased transcription of rab genes could be one aspect of the differentiation program of phagocytes. In addition, the acquisition of wellcharacterized cell functions by maturing phagocytes may render this cell model a useful tool in the understanding of the physiological role of the small G-proteins from the rab family.
